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Abstract 

In this paper we will analyse the black hole information paradox in 
Cf*i . group field cosmology. We will first construct a group field cosmology 

with third quantized gauge symmetry. Then we will argue that that in this 
' , group field cosmology the process that change the topology of spacetime 

^jH 1 are unitarity process. Thus, the information paradox from this perspective 

I 1 appears only because we are using a second quantized formalism to ex- 

plain a third quantized process. A similar paradox would also occur if we 
analyse a second quantized process in first quantized formalism. Hence, 
we will demonstrated that in reality there is no information paradox but 
only a breakdown of the second quantized formalism. 

1 Introduction 

Semi-classical gravity predicts that a black hole will evaporate by radiating a 
thermal radiation called the Hawking radiation [l]-[5]. Furthermore, as this 
radiation is thermal it cannot represent the information inside the black hole. 
Thus, after the black hole have evaporated completely, its wave function seems 
to disappear. This means that after a certain point the wave function of 

the system is not able to describe the system. This lead to a non-unitary evolu- 
tion for the system. Various attempts have been made to resolve this paradox 
US- The most famous of them being the AdS/CFT correspondence [16]- 
[17] . This correspondence states that the superconformal field theory living on 
the boundaries of anti-de Sitter spacetime is dual to the classical gravity in its 
bulk. Now as there is no information loss on the CFT, so by this duality, it is 
asserted that there would be no information loss on the AdS side as well. Thus, 
it is argured that the black hole evaporation is also unitarity [18]- [19] ■ Even 
though this argument is the best argument constructed so far, there still is a 
debate about the information loss in black holes. This is because a mechanism 
for the information to escape out of the black hole is still not known. Various 
theories have been proposed for explaining this. These include leaking of infor- 
mation out a of black hole [22]- [23], information getting stored in a Planck sized 
remnant |24]-|25|. information being encoded in the correlations between future 
and past [26] . and information escaping to a baby universe that is separates 
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from our own universe [37]- [2S]. But none of these proposals have provided 
a fully satisfying answer to the information paradox and so despite all these 
approaches the paradox is still not fully resolved. In this letter we will show 
that this paradox only occurs because we are using a second quantized theory 
to explain a third quantized phenomena. Thus, this information paradox does 
not occur in third quantized loop quantum cosmology i.e., group field cosmol- 
ogy I n f ac t we wm argue that an similar paradox would occur even 
if we used first quantized quantum mechanics to analyse any second quantized 
phenomena. 

2 First, Second and Third Quantization 

Before we analyse the occurrence of the black hole paradox, let us analyse a 
simple quantum mechanical system. Let us keep supplying energy to a particle. 
Now as long as we keep the energy low enough, we can describe the dynamics 
of this particle by using the single particle quantum mechanics. However, if we 
increase the energy to such a limit that new particles can be created, then we can 
not use single particle quantum mechanics. This is because from the perspective 
of single particle quantum mechanics, it would appear that the wave function of 
this particle suddenly disappears, as soon as it decays into some other particles. 
Thus, from the perspective of a single particle quantum mechanics, it would 
appear as an information paradox, as we will not be able to describe the system 
using its wave function. 

This is even expected because a path of a single particle is topologically 
different from the path of two particles, and thus cannot be continuously de- 
formed into it. So, we cannot continuously go from one particle to two particle 
by increasing energy. We rather need to start from a multi-particle quantum 
field theory, and then calculate the probability of a single particle spontaneously 
decaying into two particles. From the perspective of a single particle quantum 
mechanics it will appear as a non-unitary process. However, from the perspec- 
tive of a second quantized field theory, it will be a perfectly unitary process. 
This is because the first quantized wave function would now be viewed as the 
classical field and the second quantized wave function would allow such particle 
decays. Thus, if we study second quantized phenomena in the framework of the 
first quantized theories, we will get an apparent information paradox. 

A similar situation occurs when we use a second quantized formalism to 
analyse a third quantized phenomena. The formation and evaporation of black 
hole involves changing the topology of spacetime and hence is a third quantized 
phenomena. If we study it using a second quantized formalism, we will again get 
an apparent information paradox. In fact, in analogy with the above example 
of particles, a black hole is also topologically distinct from flat spacetime. So, 
just like a single particle cannot be continuously deformed into multi-particles, 
a black hole cannot also continuously evaporate into flat spacetime. However, 
an analysis of the decay of a black hole into flat spacetime can be done in a 
third quantized framework. We will show that in third quantized loop quantum 
gravity, there is no black hole information paradox, just like there is no apparent 
information paradox during particle annihilation in quantum field theory. 

Hawking radiation from a black hole is described by a second quantized 
quantum field theory, which is an approximation to third quantized gravity, just 
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like the single particle quantum mechanics is an approximation to quantum field 
theory. This approximation holds till the black hole is big enough. However, 
as soon as the black hole approaches Planck size this approximation breaks 
down because now topology can change. At that stage we will have to use 
a third quantized formalism to explain the transition of a black hole into flat 
spacetime. We will show that it is indeed possible to construct a unitarity third 
quantized theory of gravity accounting for topology change. In this theory, the 
decay of black hole will occur spontaneously to flat spacetime, in analogy with 
a spontaneous decays of particles into other particles in quantum field theory. 
Thus, in reality there is no real information paradox, only the second quantized 
formalism used to calculate the Hawking radiation breaks down at Planck scale. 

3 Group Field Theory 

Now to analyse the phenomena of information loss properly, we will have to use 
a third quantized formalism. We could analyse this phenomenon using third 
quantized canonical quantum gravity. However, as canonical quantum grav- 
ity has evolved into loop quantum gravity, and third quantization has evolved 
into group field cosmology; we will analyse this phenomenon using group field 
cosmology. 

In the loop quantum cosmology the curvature of is expressed through 
the holonomy around a loop [33]- [H]. The area of such a loop cannot cannot 
be smaller than a fixed minimum area because the smallest eigenvalue of the 
area operator in loop quantum gravity is nonzero. Furthermore, the eigenstates 
of the volume operator V are V\v) = 2tt^G\v\\v) , where v = ±a 2 Vo/27T7G has 
the dimensions of length. So, in Planck units the Hamiltonian constrain for a 
homogeneous isotropic universe with a massless scalar field <fr, can be written as 

K 2 <S>{v^) = [E 2 -d 2 ]<S>{v l( j>) =0, (1) 

where vq = 4 and 

E 2 <$>(v^) = -[S(^)]- 1 C+(^)$(t/ + 4,0)- [B(^)]- 1 C°(zy)$( i /,</)) 

-[ J B(^)]- 1 C-H$(^-4,0). (2) 

Now, Ki = E and K 2 = and r)^ = (1, -1), so we have rj^K^Kv = K 2 . 
Just as the wave function of first quantized theories is viewed as a classical 
field in second quantized formalism, the wave function of the second quantized 
theory is viewed as a classical field in third quantized formalism. Hence, the 
wave function of loop quantum cosmology will now be viewed as the classical 
field of group field cosmology. So, we can write the free part of the group field 
theory as [29 

Sfree = ^ / # ^)K 2 <S>{ V , </>). (3) 

Now, we can also construct a complex field theory describing this model of loop 
quantum gravity. To do so we first construct covariant derivatives of the form, 

K,^{v,4>) = K,&{y,<l>) + iAn{y,<t>)$(y,(l>), 

£„$(!/, - K^^-iA^^u,^), (4) 
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and we define a field strength (i/, <f>) as 

W^{v, 4>) = K»Av(v, 0) - KuA^u, 4>). (5) 
Now we can construct the action for the complex group field theory as follows, 

S c = [ d<p®(v,<f>)K. 2 ${v,<l>) 

[d<t> W^{vA)W^{v t 4>). (6) 

This action is invariant under the following gauge transformations, 

4>) = iA(v, 4>)§{v, 0), $(^, 4>) = -i¥(^, (j>)A(i/, 0), 
A li {u,4>)=K ll K{v,cj>), (7) 

where A(i/, 4>) is a group scalar field in its own right. 

4 Quantization 

As the classical action for the group field cosmology has a gauge symmetry, we 
cannot quantize it without fixing a gauge. We thus fix the following gauge, 

K»A ljt (v,4>) = 0, (8) 

To impose this condition at a quantum level, we add the following gauge fixing 
and ghost terms [50] . 

s gh = f d ^ sBiyA^Ap (v,4>), 

S 9f = E I d<i> sC{v,cj>)K^C(v,<t>), (9) 

to the original classical action. The sum of the gauge fixing term and the ghost 
term can be expressed as 

Sgh + Sgf = 

v J 

where the third quantized BRST transformations are given by 

s (jy) = iC{v, (p)$(v, 0), s B{v, 0) = 0, 
s$O,0) = -i$(v,4>)C(v,(t>), sC{v,<p) = 0, 

sA ll {v,ct>)=K^C{v,<t>), sC{v,4>) = B{ V ,cp). (11) 

These third quantized BRST transformations are nilpotent, s 2 = 0, and so the 
sum of the ghost term with the gauge fixing term is invariant under these third 
quantized BRST transformations. As the third quantized BRST transforma- 
tions of the original third quantized classical action is only a ghost valued gauge 
transformations, it is also invariant under these third quantized BRST transfor- 
mations. Thus, the full action is invariant under these transformations, s S = 0, 
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where S = S c + S g f + S g h- These third quantized BRST transformation can be 
used to construct a third quantized BRST charge and analyse the unitarity of 
the group field cosmology with gauge symmetry. 

To construct the Fock space, we expand these fields into modes which we 
promote to operators. Each of these will create or annihilate geometry and 
matter. The vacuum state |0) is defined by, dfc|0) = 0, and the Fock space 
is constructed by the action of creation operators on this vacuum state. The 
vacuum state here corresponds to a state with no geometry, matter field and 
topological structure. The topology, geometry and matter is created by the 
action of creation operators on this vacuum state. Interactions correspond to 
an interaction of these universes. Thus, the topology changing processes will 
now occur as the action contains interaction terms. 

As the total Lagrangian density is invariant under the BRST transforma- 
tions, so we can obtain the Norther's charge corresponding to the BRST trans- 
formations and use it to project out the physical state of the theory. Now as 
the matter fields act as the time variable, we define our Norther's charge as 



(12) 



where 



S = E J D<t> Leff- (13) 



As the BRST transformations are nilpotent, so we have, Q 2 = 0. The physical 
states \phy) can now be defined as states that are annihilated by Q, Q\phy) = 0. 
The asymptotic states are given by 

\out) = \vi,(t>i), 
\in) = K</> 2 >, (14) 

where \pa, out) is the state before the formation of the black hole and \pb, in) is 
the state after the evaporation of the black hole. A 5-matrix element between 
them can be written as 

(out\in) = {pa\S f S\pb). (15) 

As the BRST charge is a conserved charge, so the evolution of any physical state 
will also be annihilated by it, QS\phy) = 0. This implies that the states S\pb) 
must be a linear combination of physical states |ao.i), 

(pa\&S\pb) = E(HSW)K 4 W). (16) 

i 

Since the full 5-matrix is unitary this relation implies that the S'-matrix re- 
stricted to physical sub-space is also unitarity. Hence, the topology changing 
process are unitarity. So, in third quantized loop quantum gravity, there is no 
information loss. 
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5 Conclusion 



In this paper we argued that the information paradox only occurs because we are 
using a second quantized formalism for analysing a third quantized phenomena. 
A similar paradox would also occur if we used single particle quantum mechanics 
for analyzing a multi-particle system at energies at which new particles would be 
created. Thus, in reality there is no information paradox but only a breakdown 
of second quantized formalism. In this paper we first constructed a gauged 
version of group held cosmology and then studied its BRST symmetry. The 
BRST charge thus calculated was used for projecting out the physical states 
of the theory. It was thus demonstrated that the S-matrix is unitary. This 
theory naturally accounted for process involving topology change. Hence, it 
was argued that such processes are unitary in third quantized loop quantum 
gravity. In particular, it was shown that the creation and annihilation of a 
black hole is a unitary process in group held cosmology. It will be interesting to 
analyse the big bang in this formalism. Just like the annihilation of a black hole 
is explained in group field cosmology, similarly the creation of universe can also 
be explained in it. It will be interesting to perform this analysis and explicitly 
show how the big bang is naturally accounted for in group field cosmology. 
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